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INTRODUCTION
In the course of recent history, the instability and lack of 
government in Somalia have caused a rapid increase in 
pirate activity within the Somali Basin Region (SBR) and the 
Gulf of Aden (GoA).  The United States and multi-national 
military forces, combining the U.S. Naval Forces Central 
Command (USNAVCENT), U.S. Fifth Fleet and units from 
over 20 international partners under the leadership of Vice 
Admiral William Gortney, has been tasked with finding a 
solution to deter and eliminate pirating within the GoA and 
SBR.
Piracy may seem to be a very simple opportunistic form 
of robbery, but when the top layer is removed a more 
complicated and intricate problem is revealed.  The Combined 
Maritime Forces (CMF) Assessment Team and Maritime 
Security Operations (MSO) are actively pursuing ways to 
mitigate pirating of neutral vessels.  Neutral vessels can be 
defined as shipping vessels, commercial tankers, sailing 
vessels, fishing vessels, and yachts.  The CMF team and MSO 
shop are working together to patrol the 2.5 million square 
miles of vulnerable waters between the coast of Somalia and 
India.  Due to the large ransoms being gained by pirating 
neutral vessels, piracy has spread across the globe and 
particularly to the western side of Africa in the Gulf of 
Guinea, U.S. Seventh Fleet operating waters.  
For these reasons and more, the Big Three:  the North 
Atlantic Treaty Organization (NATO), the European Union 
(EU), and the United States (US), are actively seeking 
additional tools to help strategically place their military 
ships.  This tool should be able to predict at what date time 
group (DTG) and at what location (longitude/latitude) the 
probability of a pirate attack is high.  Having this vital 
information will enable the Big Three to provide each military 
vessel’s Commanding Officer a better chance to interdict a 
Pirate Action Group (PAG) before an attack occurs or patrol 
and deter  piracy in a location that has a high probability of a 
pirate attack.  A PAG is a group of pirate skiffs that attach to a 
mother skiff for operational longevity.   
A pirate prediction tool may save NATO, EU, and US 
military forces time, money, and resources.  The Next 
Generation Piracy Performance Surface Model (PPS-Next) is a 
predictive tool developed by Dr James Hansen, Naval 
Research Laboratory-Monterey, in partnership with the Naval 
Meteorology and Oceanography Command (NMOC) at 
Stennis Space Center and the Naval Postgraduate School 
(NPS) Operations Research (OR) Department.  PPS-Next 
dynamically couples pirate Concept of Operations 
(CONOPS), defined by intelligence (INTEL) gained on pirate 
activity, with meteorological activity (METOC), such as 
waves, winds, drift, and currents, to forecast relative risk of 
pirate activity at a given DTG, latitude and longitude.
Simulated Pirate Behavior
The new version of PPS-Next, updated since the analysis 
from IDFW-20, is very different in the simulation of pirate 
behavior.  In IDFW-20, the simulated pirate motored to a 
waypoint and then drifted with the current.  The simulated 
pirate would complete a pre-determined mission length, and 
then transit back to its origin (Esher et al, 2010).  
Advancements have been made to PPS-Next to increase 
the operational usefulness of the model for CMF Assessment 
Team, NATO partners, and commercial shipping companies. 
This model provides the operator with the ability to map 
PAGs’ proposed area of operations to Google earth with the 
addition of real METOC conditions, while giving the pirates 
certain behaviors (defined in Table 1) that will impact the way 
the PAGs move from their base waypoint distribution to their 
operating waypoint distribution.  
Determining the most influential independent variables 
will allow the developers to set parameters to reduce run time 
and capture the driving factors and help operators to 
concentrate their intelligence efforts on these important areas. 
If METOC conditions prove to be the driving factors, then 
particular attention should be given to monitoring military 
operational attributes in correlation to METOC.  
Design of PPS-Next Experiment
To capture the effects of all variables and interactions among 
them, we used a  Nearly Orthogonal Latin Hypercube 
(NOLH) design (Cioppa & Lucas, 2007; Cioppa, 2002), with 
four rotational designs.
Table 1 lists the independent variables that were varied in 
the simulation and their corresponding minimum and 
maximum values.  For many of the independent variables, 
their standard deviations (StDev) were also varied. For the 
StDevs, we elected to make their minimum and maximum 
values a proportion of the mean values of the underlying 
parameter.  
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A brief description of each of the independent variables is 
as follows:  mission length is the mean length of time that a 
PAG is active in the simulation; the number of bases is the 
total number of sea or land bases that pirates operate from; 
pirate skiff speed is the mean speed that a  PAG is expected to 
sustain during the transit and searching patterns [this does 
not include attacking speed]; mean drift current is the factor 
by which the velocity of the currents impacts the velocity of 
the skiff; mean drift wind is the factor by which the velocity of 
the winds affects skiff velocity; mean wind threshold is the 
mean wind threshold below which a PAG can operate; mean 
wave threshold is the mean wave threshold below which a 
PAG can operate; minimum (maximum) iweather is the 
minimum (maximum) probability that a PAG has knowledge 
of adverse weather conditions before the PAG leaves their 
starting waypoint, in the event the PAG does not know about 
weather conditions and encounters adverse weather their 
mission will be terminated; pirate search pattern is equal to 0 
if the PAG has a drifting search, 1 if the PAG has a random 
walk, and 2 if the PAG has a zigzag search pattern; number of 
tracks is the number of PAGs replicated during a 24 hour 
simulation time step period; model time step is the 
incremental time-steps the code uses, which affects run time, 
but can cause simulation instability if a poor value is chosen; 
pirate hits is either a 0 if no hits occurred or a 1  if a pirate hit 
occurred [the pirate hit would be an observed attack that 
occurred in a simulated area and the probabilities would be 
updated based on the simulated probabilities and the actual 
hit (successful/attempt/unsuccessful/etc).   
1. The first column is a  list of the independent 
variables that will be modeled in the simulation.
2. The second column is the mathematical description 
of the numbers to delineate between continuous 
and integer numbers.    
This team faced many challenge but the most challenging 
was translating our design of experiment (DOE) into the input 
format that the PPS-Next code requires.  PPS-Next is written 
in Python (x,y) 2.6.5.3 and we were running the code in 
Python (x,y) 2.6.6.0; version control was extremely important. 
When the code ran to completion with the DOE, the 
probability field outputs then need to be transferred to 
MATLAB for mathematical comparison and inputted into 
JMP 9.0 for statistical analysis.  
Figure 1: Sample output from the PPS-Next base-case 
scenario.  The plot shows the simulated distribution of 
pirate action groups within the Somali Basin Region.  The 
darker red colors are indicative of a higher probability of a 
pirate being in this latitude and longitude areas of low 
probability are dark blue.  
Description of Scenario
PPS-Next is a framework that generates Monte-Carlo 
simulations of pirate behavior and interprets these results 
probabilistically.  Simulations are affected by five key 
distributions:  real-time meteorological and oceanographic 
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Independent 







Number of Bases Integer 10.0 30.0
Pirate Skiff Speed 
(knots)
Integer 3.0 10.0









Mean Drift Wind 
(knots)
Continuous 0.0 0.5



























variable, 0, 1, or 2)
Categorical 
(Nominal) 0 2
Number of Tracks Integer 128 128








Table 1: Independent variables with their corresponding minimum 
and maximum values used in the Cioppa & Lucas Nearly 
Orthogonal Latin Hypercube design that was downloaded from the 
SEED Center website.
forecasts, information about the impact of meteorological and 
oceanographic conditions on a PAG (skiff and/or mother 
dhow), information about the distributions of locations and 
times from which the PAG begins their missions, information 
about the length of time and distribution of locations in 
which a PAG can operate, and known (unknown) intelligence 
about the PAG’s CONOPS for targeting neutral vessels (i.e. 
commercial shipping, sailing vessel, yacht, fishing vessel, 
chemical tanker).  Individual PAG replicates are given 
attributes that are randomly drawn from the key distributions 
before executing a mission.  Due to limited INTEL on PAG 
operating areas a large numbers of replicates are run daily 
and this output is then archived.  The resulting collections of 
PAG trajectories are used to define PAG densities as a 
function of forecast lead.  PAG attack probabilities are 
obtained by convolving the results with commercial shipping 
densities and additional meteorological and oceanographic 
constraints.
Figure 2 shows the normalized pirate probabilities over a 
48-hour period.  This figure is a 3-D replication of the plot in 
Figure 1 with the land masses not represented.
Figure 2: Normalized by summing over the pirate probabilities for 
the simulated period of 12 hours through 60 hours.
RESULTS AND ANALYSIS
The greatest challenge for this Team was creating a link 
between the world of Data Farming and the simulation, PPS-
Next.  This complexity led to slow progress while attempting 
to conduct simulation runs with the independent variables 
from Table 1 in a four rotational design of the NOLH.  PPS-
Next was initially designed to run on the high performance 
computers at the Naval Oceanographic Office (NAVO) in 
Mississippi with the ability to be used at the CMF 
Headquarters in Bahrain and eventually extending its 
capabilities to commercial shipping companies.  Prior to 
IDFW-21, PPS-Next had only been tested on a single base-
case scenario; therefore, the combinations of input 
parameters generated as part of the space-filling NOLH 
design in many cases created errors that PPS-Next could not 
recover from. In operational usage, users will have the 
ability to modify many of the variables – such as waypoint 
distributions. Therefore, by pushing the limits of the model 
we allowed the developer to modify the code to make it 
more resistant to problematic input combinations. Despite 
simulation runs not being completed during the duration of 
IDFW 21, the missing link to the puzzle was solved after the 
workshop and simulation runs from this NOLH design were 
completed.  
During IDFW 20, we examined different ways to measure 
the output, and used nine output metrics as shown in the 
table below (Esher et al., 2010), and these were used to analyze 
IDFW 21 results. 
Dependent Variable






Inner Smoothed Maximum Difference
Mean 50th Percentile
Smoothed Mean 50th Percentile
Table 2: Output Metrics
There is no clear-cut best way to summarize the quality 
or variations in PPS-Next output. During IDFW 21, the team 
discussed new ways to measure the simulation output. We 
explored smoothing the PPS-next output, which is very 
narrowly distributed to find the “sweet spot” where the 
output is being accurately measured without losing any of its 
validity.  
We received historical pirate data from the Naval 
Research Laboratory (NRL) at Stennis Space Center along the 
Mississippi Gulf Coast.  The data was read into JMP 8.0, 
statistical analysis software, to explore commonality amongst 
historical pirate attacks.  The data received had many 
pertinent areas that were not accounted for or data was 
unavailable; for this reason, we decided that there were not 
enough data points to accurately conclude a proper analysis 
through common trends and trend lines, regression/partition 
trees, or generalized/linear models. 
We also highlighted areas of analytical discussion and 
approaches:
• We discussed the Validation, Verification, and 
Accreditation (VV&A) of PPS-Next.
• In future simulation runs, we looked to altering the 
time step (dt) in the NOLH to find the “sweet spot” 
that would provide the same accuracy and conciseness 
without the omission of important details.
• We discussed how and when we could compare PPS-
Next against historical attacks and historical METOC 
conditions.  This analysis is complicated because the 
real METOC conditions from historical attacks are not 
kept in a database.  
• For future analysis, we discussed looking at a  using 
not only a rotational design but also the advantages of 
using a robust design as defined by Taguchi with the 
use of indicator variables when analyzing PPS-Next.
• When attempting to run PPS-Next we came across 
some areas where the definitions for certain 
independent variables were not as clearly defined as 
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assumed; therefore, we discussed the disadvantages 
and precautionary measures for  using a model that 
has not been developed by anyone on the team.
• PPS-Next is written in Python (x,y) 2.6.5.3 and the 
code was very sensitive to the differing version of 
Python (x,y) that were used.  In operational use, this 
may cause extensive frustration for the operator of 
PPS-Next.  Caution should be used when using a 
computer language that is as fragile as Python (x,y) as 
this adds unnecessary loss of time and resources in 
code troubleshooting.
CONCLUSIONS
PPS-Next, the Next Generation Piracy Performance Surface 
Model, is being constructed to supersede the current Piracy 
Performance Surface model, PPS, for the US Military Fleet, 
NATO Militaries, and the European Union.  The product will 
be invaluable for use by the Combined Maritime Forces and 
Maritime Security Operations, headquartered in Bahrain, for 
allocation of military assets in offensive and defensive 
measures and also to provide commercial shipping 
companies with a forward warning tool.     
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